
Introduction

We found that surfactant-free oil-in-water emulsions
(SFEs) could be prepared using an ultrasonicator [1–3].
Furthermore, the size of the oil droplets monitored by
dynamic light scattering (DLS) increased discontinuous-
ly with time, and discrete droplet size distributions were
observed. We named these discrete distributions with
diameters at about 100 nm, 100–1,000 nm and about
1,000 nm, S, M and L class, respectively. For benzene
and fluorobenzene/water emulsions three distributions
appeared at 20–100 nm (S), 200–1,000 nm (M) and

2,000–4,000 nm (L), while for n-hexane and cyclohexane
SFEs two size distributions, 100–1,000 nm (M) and
2,000–4,000 nm (L), were observed [1]. Two types of
growth mechanisms have been proposed for emulsions:
flocculation/coalescence and Ostwald ripening [4–11],
i.e. direct fusion of two or more droplets to form a larger
one and molecular diffusion/deposition from small
droplets to large ones, respectively. Both schemes are
expected to play a dominant role in the growth process
of oil droplets, especially in surfactant-free conditions.

In the monomer spectrum of pyrene, I1/I3 [12–18]
varies with the microscopic polarity, from 0.5 to 0.8 in
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Abstract The fluorescence behavior
of pyrene in oil droplets of a
surfactant-free oil-in-water emul-
sion was studied for benzene, flu-
orobenzene, n-hexane and
cyclohexane droplets in water. The
excimer–monomer fluorescence
ratio immediately after sonication,
IE/IM(0), of the benzene/water
emulsion was 8–10 times larger
than for the benzene solution. The
ratio IE/IM(t) increased in the first
10–20 min before it decreased to
zero. Similar behavior was ob-
served for the fluorobenzene/water
emulsion, while IE/IM(0) for emul-
sions with n-hexane and cyclohex-
ane was smaller than for benzene
and fluorobenzene/water emulsions.
IE/IM(t) hardly changed with time
for the n-hexane and cyclohexane/
water emulsions. This different
behavior was attributed to the
increased solubility of nanometer-

size droplets with benzene and
fluorobenzene.
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organic media to 1.55 in aqueous environments [12–23].
The ratio of the excimer fluorescence intensity to the
monomer intensity, IE/IM, represents the probability of
excimer formation for pyrene molecules, in relation to
the local concentration in the environment [12, 18, 20–
23]. Thus, these ratios give a good insight into the
hydrophobicity of oil droplets in terms of the molecular
motion of pyrene. They revealed the influence of the
temperature and the type and concentration of stabiliz-
ers on the microscopic behavior of molecular assemblies
[24–26]. Furthermore, rapid micelle fusion and fragmen-
tation was examined in a time-scan experiment by
monitoring the change in IM or IE under stopped-flow
conditions [27]. The dissolution process of glassy
polymers was monitored by the fast transient fluores-
cence technique [28].

In this work, the fluorescence behavior of pyrene in
oil droplets of SFEs was studied for benzene, fluoro-
benzene, n-hexane and cyclohexane droplets dispersed in
water by ultrasound. We examined the influence of
destabilizing processes: flocculation/coagulation, coales-
cence, creaming and Ostwald ripening [4–11].

Materials and methods

Benzene, n-hexane, cyclohexane, and fluorobenzene (Tokyo Kasei
Co.) were general reagent grade and were used as received. Distilled
and deionized water of injection grade (Ohtsuka Pharmacy Co.)
was used without further purification. Pyrene of general reagent

grade purchased from Wako was recrystallized several times from
ethanol and was purified chromatographically through silica. The
purity was checked and confirmed with high-sensitivity scanning
calorimetry. Oil solutions of pyrene were mixed with water in a
flask and kept at 25 �C. The mixture was then sonicated for 2 min
in an ultrasonic cleaning bath (Bransonic 220, 125 W, SmithKline).
Immediately after the treatment, the sample was transferred to a
cuvette for fluorescence measurement. Deoxygenation was not
applied to these solutions.

Fluorescence spectra were recorded with a fluorescence spec-
trometer (RF-5000, Shimazu Co.) using excitations at 335 nm.
Excitation spectra were recorded at 500 nm (excimer emission).
Either emission or excitation spectra were repeatedly scanned over
the full range. The cell was kept at 25 �C by circulating temperature-
controlled water and was sealed during the measurements to avoid
vaporization. Since the emulsions were significantly turbid, we paid
attention to the influence of the scattered light. The fluorescence
peaks of the pyrene monomer and excimer are at around 380 and
480 nm, respectively. The transmittances at 380 and 480 nm of
benzene SFE are almost identical, indicating that influence of
turbidity on the fluorescence intensity could be neglected.

Results and discussion

Dependence of oil concentration on the location
of pyrene molecules

I1/I3(0) and IE/IM(0) values of SFEs immediately after
preparation (t = 0) at various oil concentrations are
shown in Fig. 1. At low oil concentration, I1/I3(0)~1.6,
indicating that pyrene monomers exist in the aqueous
environment. I1/I3(0) decreases above a certain concen-

Fig. 1a–d IE/I M(0) (filled cir-
cles) and I1/I3(0) (open circles)
for surfactant-free oil-in-water
emulsions (SFEs) at various oil
concentrations. Pyrene/oil con-
centration: 1.5 mmoll)1
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tration to around 1.1, indicating that pyrene monomers
are now orientated in the oil environment. On the other
hand, IE/IM(0) is negligibly small at low oil concentra-
tions. This also indicates that the pyrene molecules are
distributed in water as monomers at low oil concentra-
tion. For benzene SFE, the IE/IM(0) ratio rises at around
3.0 · 10)2 moll)1 significantly above the solubility of
benzene in water at 2.3 · 10)2 moll)1, and then shows a
maximum at 4.0 · 10)2 moll)1 before decreasing at
higher concentrations. A sudden rise in IE/IM(0) is also
observed for fluorobenzene SFE above about
2.0 · 10)2 moll)1, which is higher than the solubility at
around 1.0 · 10)2 moll)1. Although a similar sudden rise
is seen for n-hexane and cyclohexane SFEs, the maximum
of IE/IM only reaches 0.5–0.6. The sudden rise begins at a
much higher concentration (around 1.0 · 10)2 moll)1)
than the solubility (around 1 · 10)3 moll)1). The rise and
maximum reveal that pyrene excimers are formed and are
only concentrated in the oil droplets. In addition, the
decay above this concentration indicates that the interior
environment of the oil droplet becomes similar to bulky
oil, because the droplet size increases with increasing oil
concentration [1].

The fluorescence excitation spectra at 500 nm at
various benzene concentrations are shown in Fig. 2 for
benzene SFE. The spectrum of pyrene in water has a large
peak at 335 nm (Fig. 2 trace a), while that in benzene
shows a broad peak above 350 nm (Fig. 2 trace e). Fig. 2
traces b, c and d are spectra at various concentrations of
benzene dispersed in water: 2.0, 3.0 and 3.5 · 10)2 moll)1.
In Fig. 2 trace b, several peaks around 335 nm can be
assigned to the band for hydrated pyrene and the peaks
above 350 nm can be assigned to pyrene in oil. With
increasing benzene concentration (Fig. 2 traces c, d), the
peak at 335 nm was enhanced. This indicates that pyrene
molecules orient to the interface between benzene droplets
and water. Furthermore, the peak at 335 nm for the
hydrated state shifted to 340 nm at 3.0–3.5 · 10)2 moll)1

benzene. These results and the behavior of IE/IM(0)
(Fig. 1) indicate that the excimer-forming sites lie in or
near the surface of the droplets. This idea that pyrene
molecules orient to the interface between the oil droplets
and water seems to be strange according to the hydro-
phobic/hydrophilic balance of pyrene. However, when a
mixture of benzene and small amounts of n-hexadecane is
emulsified in water, n-hexadecane adsorbs to the interface
between the benzene droplets and water [2, 7]. We
consider that pyrene molecules behave in a similar way
as n-hexadecane.

The excitation spectra for n-hexane SFE are shown in
Fig. 3. Peaks appeared at almost the same wavelengths
as for benzene SFE. Several peaks around 335 nm again
can be assigned to the band for hydrated pyrene and the
peaks above 350 nm can be assigned to pyrene in oil.
The slight peak shift to 340 nm in benzene SFE is not
observed for n-hexane SFE even at high n-hexane

concentrations. This indicates that the excimer-forming
sites are limited to the droplet surface even at higher
n-hexane concentrations.

Enhanced excimer formation in oil droplets

The emission spectra of pyrene in benzene and
benzene SFE immediately after sonication at the oil
concentration corresponding to the maximum of IE/
IM(0) (Fig. 1) are shown in Fig. 4. The emission
intensity of excimers for the emulsion is significantly
larger than for benzene.

IE/IM(0) is shown as a function of pyrene concen-
tration in various solvents in Fig. 5. Excimers were
formed at pyrene concentrations above about 0.5 mM.
In all cases, IE/IM(0) of the emulsions increased
linearly and showed larger values than in the pure
solution. The enhancement was about 10 times for
benzene, about 8 times for fluorobenzene and only

Fig. 2 Excitation spectra of benzene SFE in water at various benzene
concentrations: kem¼ 500 nm. (a) 0 moll)1 (pyrene at 20lmoll)1 in
water), (b) 20 mmoll)1, (c) 30 mmoll)1 and (d) 35 mmoll)1. (e)
Benzene stock solution with 1.5 mmoll)1 pyrene
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slightly larger for n-hexane and cyclohexane than for
stock solutions. This result suggests that benzene and
fluorobenzene droplets have a peculiar region where
pyrene molecules are condensed.

Time dependence of the intensities

For benzene SFE, IE/IM(t) increased in the initial 15 min
to a maximum and then decreased to nearly zero. This
rise corresponds to the transient appearance of S-class
droplets in the first 20 min [1]. For fluorobenzene SFE,
the appearance of the maximum was delayed, depending
on the pyrene concentration, in contrast to the case of
benzene SFE, where the maximum occurred at the same
time.

The maxima of IE/IM(t) (Fig. 6) and the high value of
IE/IM(0) immediately after sonication (Fig. 5) for ben-
zene and fluorobenzene SFEs can be explained in terms

of Ostwald ripening [4–10]. The diffusion from oil
droplets leads to shrinkage or disappearance of droplets.
This indicates that pyrene initially dissolved in small
droplets will be concentrated inside the droplets with
time and then released to the bulk water. Indeed, the
intensity of the monomer emission became higher than
that of the excimer about 10 min after preparation
(Fig. 7). Benzene has a relatively high solubility in water
compared to aliphatic oils. The larger droplets can grow
at the expense of the smaller ones. The magnitude of this
effect depends on the solubility of the oil phase and is
therefore larger for polar oils and shorter-chain alkanes.
Furthermore, nanometer-size droplets have a higher
vapor pressure to increase the solubility of the oil in the
surrounding medium based on the Laplace pressure [29,
30]. The droplet size observed by DLS in benzene and
fluorobenzene SFEs was around 30 nm in diameter [1].
According to the Ostwald–Friedrich theory [18, 31, 32],
oil droplets of such sizes can be dissolved by molecular
diffusion in water. An oil droplet with radius r will be at
a dynamic equilibrium with the dissolved oil molecules
at a concentration of Sr as long as the oil has a solubility
of Se at the steady state of the two-phase equilibrium
(r = 1):

RT lnðSr=SeÞ ¼ 2cVm=r ; ð1Þ

where c and Vm denote the interfacial tension between
oil and water and the molar volume of the oil. IE/IM(0)
rises in benzene at 30 mmoll)1, i.e. 30% higher than the
solubility limit. This indicates Sr/Se � 1.3. With c � 35
mN and Vm = 89.4 cm3mol)1 at 298 K, r � 10 nm was
obtained. The value is similar to the observed diameter
of around 30 nm of S-class droplets of benzene [1]. The
increase in IE/IM(t) at about 10 min is consistent with
the appearance of S-class droplets observed by DLS [1].
This coincidence supports the idea that the pyrene
molecules dissolved in S-class droplets are concentrated
in the droplets of reduced sizes by dissolution of the
droplets.

Molecular diffusion may also be responsible for
another property of the droplets. Benzene SFE prepared
with ultrasound showed a continuous change in refrac-
tive index and density below a benzene concentration of
30 mmoll)1, while for benzene/water mixtures prepared
with gentle stirring these quantities changed at
23 mmoll)1 [1]. This difference in the preparation
method probably caused different dissolution behavior
of benzene molecules, which may effect the droplet
radius. Thus, gentle stirring provided visible droplets
and Sr is nearly equal to Se in Eq. (1).

No maximum was observed for n-hexane and cyclo-
hexane SFEs prior to the monotonous decay of IE/IM(t).
Molecular diffusion does not play a role, because n-
hexane and cyclohexane have a distinctly lower solubil-
ity in water than benzene and fluorbenzene, and S-class

Fig. 3 Excitation spectra of n-hexane SFE in water at various
n-hexane concentrations: kem¼ 500 nm. (a) 0 moll)1 (pyrene at
20lmoll)1 in water), (b) 5 mmoll)1 and (c) 15 mmoll)1. (d) n-Hexane
stock solution with 1.5 mmoll)1 pyrene
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droplets are not created. The droplets of n-hexane and
cyclohexane in the SFEs thus keep their individual
characteristics even when the M droplet size changes
into L.

I1/I3(t) as a function of time is also shown in Fig. 8
for various pyrene concentrations for oil concentrations
at the maximum value of IE/IM(0) (Fig. 1). I1/I3(t)
decreased in the first 10–20 min before it increased. This

Fig. 4 Emission spectra of py-
rene in a benzene stock solution
and b benzene SFE immediately
after preparation (40 mmoll)1

benzene in water): kexc¼ 335
nm. Pyrene concentration in
benzene:1.5 mmoll)1

Fig. 5 IE/IM(0) for various sol-
vents (open circles) and their
emulsions (filled circles) as a
function of pyrene concentra-
tion. a Benzene 40 mmoll)1

water, b fluorobenzene
30 mmoll)1 water, c n-hexane
20 mmoll)1 water, d cyclohex-
ane 20 mmoll)1 water
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tend was observed for all oils except n-hexane, for which
I1/I3 remained at 1.0–1.2. This value indicates a signif-
icant hydrophobic environment, similar to the case of
sodium dodecyl sulfate micelles, where I1/I3 is 1.0–1.1
[33, 34]. The initial decrease of I1/I3(t) shows that, with
increasing time, pyrene molecules are gradually concen-
trated in the oil droplets. I1/I3(t) finally reaches 1.55 for
benzene and fluorobenzene SFEs, showing an aqueous
environment. This change in I1/I3(t) was caused by the
diffusion of oil molecules into bulk water and Ostwald
ripening; only the monomer emission of pyrene in water
is finally detected (Fig. 7). For n-hexane and cyclohex-

ane SFEs, I1/I3(t) finally increases to around 1.4,
indicating that the contribution of diffusion is smaller.

In this study, we showed that the temporal changes of
IE/IM(t) and I1/I3(t) for SFE are caused by molecular
dissolution of S-class small droplets. On the other hand,
we observed the coalescence of the M-class droplets in
benzene, n-hexane and cyclohexane SFEs by freeze–
fracture electron microscopy [35]. Thus, the changes of
the oil droplets vary depending on droplet size; molec-
ular diffusion and coalescence occur, respectively, when
droplets are of nanometer size (S class) and submicron
size (M class). If the growth process of benzene and
fluorobenzene droplets is caused only by coalescence, IE/
IM(t) should be constant or decrease monotonously with
time, and a maximum should not appear. For n-hexane
and cyclohexane SFEs, IE/IM(t) remains almost con-
stant, though the size observed by DLS changed from
around 300 nm to around 3,000 nm in diameter with
time. This suggests that the growing process of n-hexane
and cyclohexane is governed by coalescence.

Conclusions

Fluorescence measurements with pyrene provide valu-
able information on molecular dissolution of oil
droplets dispersed in water. A significant difference
in the growing processes between benzene and fluoro-

Fig. 6a–d IE/IM(t) for SFEs as
a function of time at several
pyrene concentrations. The oil
concentration corresponds to
the maximum of IE/IM(0)
(Fig. 1). Pyrene concentration:
2.0 mM (filled circles), 1.5 mM
(open circles), 1.0 mM (filled
triangles), 0.5 mM (open trian-
gles). Oil concentration:
a benzene 40 mmoll)1 water,
b fluorobenzene 30 mmoll)1

water, c n-hexane
20 mmoll)1water, d cyclohex-
ane 20 mmoll)1 water

Fig. 7 Emission spectra for benzene SFE at different times after
preparation: kexc¼ 335 nm
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benzene and n-hexane and cyclohexane was observed.
The fluorescence of pyrene in benzene and fluoroben-
zene shows time-dependent spectral changes. Benzene
and fluorobenzene droplets with nanometer size
dissolve in water and pyrene molecules in the droplets
are released into the bulk water, causing a change in
the fluorsecence spectra. The fluorescence spectra of

n-hexane and cyclohexane droplets of submicron size
do not change, because the solubility of the hydro-
carbon is smaller.
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Fig. 8a–d I1/I3(t) for SFEs as a
function of time at several py-
rene concentrations. The oil
concentration corresponds to
the maximum of the IE/IM(0)
(Fig. 1). Symbols same as in
Fig. 6
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